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ABSTRACT: There is growing interest in using MRI to track cellular migration. To date, most work in this area has been

performed using ultra-small particles of iron oxide. Immune cells are difficult to label with iron oxide particles. The ability

of adoptively infused tumor specific T cells and N cells to traffic to the tumor microenvironment may be a critical

determinant of their therapeutic efficacy. We tested the hypothesis that lymphocytes and B cells would label with MnCl2 to a

level that would allow their detection by T1-weighted MRI. Significant signal enhancement was observed in human

lymphocytes after a 1 h incubation with 0.05–1.0 mM MnCl2. A flow cytometry-based evaluation using propidium iodide

and Annexin V staining showed that lymphocytes did not undergo apoptosis or necrosis immediately after and 24 h

following a 1 h incubation with up to 1.0 mM MnCl2. Importantly, NK cells and cytotoxic T cells maintained their in vitro

killing capacity after being incubated with up to 0.5 mM MnCl2. This is the first report to describe the use of MnCl2 to label

lymphocytes. Our data suggests MnCl2 might be an alternative to iron oxide cell labeling for MRI-based cell migration

studies. Copyright # 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

There is rapidly growing interest in using MRI to track
cell movements in animals (1,2). Most of the studies rely
on labeling cells with a potent MRI contrast agent, ultra-
small superparamagnetic iron oxide particles (USPIO).
USPIOs create large microscopic magnetic field gradi-
ents that cause off-resonance dephasing effects which are
most pronounced on T2*-weighted MRI (3). USPIOs

have been shown to be an excellent MRI contrast agent
for detecting a wide variety of cells including endogenous
macrophages (4–6) and stem cells, following in vitro
labeling and re-implantation in animals (1,2,7). A chal-
lenge for labeling cells has been to find efficient ways to
have cells accumulate USPIOs (1,2,7–9). Labeling cells
with iron oxide particles provides the advantage that
single cells can be detected in vitro and in vivo (10,11)
A drawback of T2*-based contrast agents is that the
agents leads to frequency shifts that lead to changes in
image intensity and a number of other factors can cause
frequency shifts as well affecting the specificity of
detecting iron oxide-labeled cells.

A specific cell target of interest for MRI cell tracking
studies has been immune cells (2). There are a wide
variety of biomedical problems that would benefit from
non-invasive imaging of immune cell migration. For
example, the adoptive infusion of immune cells into
patients with a cancer has shown promising early success.
Lymphokine-activated killer cells (12), tumor-infiltrating
lymphocytes, donor lymphocytes after stem cell trans-
plantation and allogeneic natural killer (NK) cells (13)
can all induce regression of a variety of cancers when

Copyright # 2006 John Wiley & Sons, Ltd. NMR Biomed. 2006;19:50–59

*Correspondence to: A. P. Koretsky, Laboratory of Functional and
Molecular Imaging, National Institute of Neurological Disorders and
Stroke, NIH, Bethesda, MD 20892, USA.
E-mail: korestskya@ninds.nih.gov
Contract/grant sponsor: Japan Society for the Promotion of Science
(JSPS); Contract/grant number: 16790837.

Abbreviations used: 2D, two-dimensional; CD, cluster of differentia-
tion; CTL, cytolytic T lymphocyte; EBV, Epstein–Barr virus; FOV,
field of view; Gd-DTPA, gadolinium diethylenetriaminepentaacetic
acid; HEPES, N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid;
HLA, human leukocyte antigen; IL, interleukin; LCL, lymphoblastoid
cell lines; MAb, monoclonal antibody; MEMRI, manganese-enhanced
magnetic resonance imaging; mHa, minor histocompatible antigen;
NA, number of acquisitions; NK, natural killer; PBL, peripheral blood
lymphocytes; PBMC, peripheral blood mononuclear cell; PBS, phos-
phate-buffered saline; PI, propidium iodide; ROI, region of interest;
SE, spin-echo; ST, slice thickness; USPIO, ultra-small superparamag-
netic iron oxide particles.



adoptively infused into patients. A critical determinant of
the therapeutic efficacy of immune cells is the ability of
these cells to traffic to the tumor microenvironment.
Many MRI studies have focused on imaging immune
cell migration, the majority of which used USPIO con-
trast. As mentioned previously, injection of USPIOs
into the blood allows the detection of tissues that have
accumulated macrophages (2). Lymphocytes labeled
with iron oxide particles have been visualized entering
the testis (14), liver, spleen (15) and pancreas of mice
and rats. Lymphocytes have been successfully tracked in
a mouse model of multiple sclerosis (16,17). Weissleder
et al. reported that iron oxide-labeled NK cell could be
visualized by MRI infiltrating into tumors (18). Dendritic
cells have been successfully labeled with iron oxide
particles using antibodies to specific receptors (19).

A shortcoming of cell tracking studies that have used
USPIO is that contrast is due to off-resonance effects
caused by the iron oxide. Numerous other effects can
lead to off-resonance effects of comparable magnitude,
including blood and susceptibility gradients around normal
biological structures. Despite these shortcomings, there has
been little work labeling cells with other contrast agents for
MRI visualization. Johnson et al. reported on labeling red
blood cells with gadolinium diethylenetriaminepentaacetic
acid (Gd-DTPA) using an osmotic shock to enable the
contrast agent to enter cells and give T1 contrast (20)
Meade and co-workers have demonstrated that fluid-phase
endocytosis or direct cellular injection can be used to label
cells with a variety of T1 agents (21,22) However, endocy-
tosis labeling tended to give better T2* than T1 contrast,
probably owing to high-level accumulation of the contrast
agent in endosomes. Perfluorocarbon emulsions detected
with 19F MRI have been used to label endogenous macro-
phages (23) and dendritic cells via endocytosis (24). An
alternative strategy would be to use a T1 contrast agent that
readily accumulates into cells.

Manganese chloride (MnCl2) readily alters signal in-
tensities due to changes in T1 relaxation time on MRI,
thus providing increased signal. Mn2þ is an essential
heavy metal ion that is known to enter most cells readily.
The unique biological properties of Mn2þ have generated
renewed interest in exploring the potential of this agent as
an MRI contrast agent (25). Mn2þ can enter cells via
voltage-gated calcium channels, enabling active brain
regions (26,27) and changes in inotropic status in the
heart to be monitored by MRI (28). Mn2þ has been
proposed as a cell viability indicator for cardiac applica-
tions (29). Mn2þ can move along neuronal pathways and
this has been demonstrated to enable in vivo tract tracing
of neuronal pathways by MRI (30,31). These observa-
tions suggest that Mn2þ ion can readily enter cells and
will be increasingly utilized as a contrast agent for MRI-
based molecular and cellular imaging.

The goal of this study was to test the hypothesis that
peripheral blood lymphocytes (PBL) and Epstein–Barr
virus (EBV) transformed B lymphoblastoid cell lines

(EBV-LCL) could be labeled with MnCl2 to a level that
would allow their detection by T1-weighted MRI. Further,
we evaluated the effects of increasing Mn2þ concentration
on the viability and function of antigen-specific cytotoxic T
cells and K562-cytotoxic NK cell lines. We found that
these immune cells could be labeled with Mn2þ at con-
centrations that give large changes in T1 but have no effect
on cell viability or function. Based on these findings, we
conclude that in vitro labeling of cells with Mn2þ may be a
useful strategy for cell tracking by MRI.

MATERIALS AND METHODS

Peripheral blood lymphocytes and
lymphoblastoid cell lines

Heparinized blood samples were drawn from normal
individuals (n¼ 3). PBL were obtained by density gra-
dient centrifugation (Lymphocyte Separation Medium,
ICN Biomedicals, Solon, OH, USA). Red blood cells
were lysed with ACK lysing buffer (Bio Whittaker,
Walkersville, MD, USA) and washed to avoid the effect
of red cells on MRI. B lymphoblastoid cell lines (LCL)
(n¼ 1) were established by infection of PBL with the
B95-8 strain of EBV in the presence of 1 mg/mL cyclos-
porin A and maintained in RPMI 1640 Medium supple-
mented with 10% fetal calf serum, 3 mM glutamine,
100 IU/mL penicillin (RPMI/10) at 37 �C in a humidified
atmosphere containing 5% CO2 and 95% air, as described
(32). Manganese chloride (MnCl2� 4H2O) (Sigma, St.
Louis, MO, USA) was dissolved in RPMI 1640 Medium
and prepared at eight concentrations: 0 (control), 0.05,
0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 mM MnCl2. PBL or LCL
was mixed with the MnCl2 solutions and incubated for 1 h
at 37 �C. Following incubation, the MnCl2 solution was
removed carefully by washing twice using RPMI 1640
Medium. After removing MnCl2 solution from test-tubes,
PBL or LCL cells were studied by flow cytometry or MRI
separately. The number of cells was estimated by cell
counting for each tube. There were a �24� 106 cells per
tube for MRI measurement.

Flow cytometry

LCLs were treated with MnCl2 at a dose of 0–5.0 mM. To
detect apoptotic and dead cells an Annexin V–FITC
Apoptosis Detection Kit I (BD Biosciences, San Diego,
CA, USA) was used. Apoptosis and necrosis were mea-
sured immediately after and 24 h after labeling with
MnCl2. Cells were washed twice with cold PBS and re-
suspended in buffer at a concentration of 1� 106/mL:
1� 105 cells were mixed with 5 mL of fluorescein iso-
thiocyanate (FITC)-conjugated Annexin V antibody and
5 mL of propidium iodide (PI). After 15 min of incubation
at room temperature in the dark and further washes,
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400mL of 1X binding buffer were added to each tube.
Samples were analyzed within 1 h by flow cytometry
(FACSCalibur, BD Immunocytometry System, San Jose,
CA) and a computer station running CellQuest software.
Annexin V staining was detected in the FL1 channel
whereas PI staining was monitored in the FL4 channel:
appropriate quadrants were set and the percentages of
cells negative for both stains (viable cells), positive for
Annexin V but negative for PI (apoptotic cells) and
positive for PI (dead cells) were acquired.

Generation of minor histocompatibility
antigen-specific T cell clones

Minor histocompatibility antigen-specific T cell lines
were generated using previously-described methods
(33). All peripheral blood mononuclear cells (PBMCs),
T cell lines and clones were cultured in RPMI 1640
Medium supplemented with HEPES (N-2-hydroxyethyl-
piperazine-N0-2-ethanesulfonic acid), 2 mM L-glutamine
and 10% pooled heat-inactivated human serum. Donor T
cells with reactivity for recipient minor histocompatible
antigens (mHa) were generated in 24-well plates by
stimulating (1–2)� 106 PBMCs obtained from the reci-
pient after transplantation with (1–2)� 106 irradiated
(25 Gy) PBMCs obtained from the recipient before
transplantation. Cell lines were re-stimulated with irra-
diated recipient (pre-transplant) PBMCs at 7 and 14
days after the initial stimulation with interleukin-2-
supplemented (20 U/mL) media. The resulting T cell
lines were further expanded by weekly re-stimulation
with irradiated EBV-transformed B cells (EBV-LCLs)
derived from the recipient before transplantation. After
4–6 weeks, T cell cultures were tested for cytolytic
activity against donor- and recipient-derived EBV-
LCLs. T cell lines exhibiting cytolytic activity specific
for recipient EBV-LCLs were cloned by limiting dilution
in 96-well round-bottomed plates (0.3–0.5 cells per well)
containing irradiated HLA-mismatched (allogeneic)
PBMCs (5� 104 cells per well), irradiated EBV-LCLs
from the patient before transplantation (1� 104 cells per
well), recombinant human IL-2 (rhIL-2) (100 IU/mL) and
anti-CD3 monoclonal antibody (MAb) (30 ng/mL). Four-
teen days later, wells exhibiting cell growth were tested
for target recognition by cytotoxicity. T cell clones that
specifically recognized patient EBV-LCLs but not donor
EBV-LCLs were further expanded for analysis of pheno-
type and function using anti-CD3 MAb, irradiated HLA-
mismatched PBMCs and irradiated patient EBV-LCLs.

Isolation of NK cells and expansion
of NK cell lines

NK cell lines were generated from peripheral blood
mononuclear cells (PBMCs) as described previously

(13). PBMCs obtained from healthy donors were
enriched for NK cell populations by negative depletion
using immunomagnetic beads (Dynal NK cell isolation
kit; Dynal Biotech, Lake Success, NY, USA) according to
the manufacturer’s recommended conditions. Briefly,
PBMCs were incubated with an antibody mix containing
anti-CD3, anti-CD14, anti-CD36, anti-CDw123 and anti-
HLA class II DR/DP for 10 min at 4 �C with gentle tilting
and rotation. Cells were washed with phosphate-buffered
saline (PBS) 0.1% human AB serum and centrifuged for
8 min at 500� g. The supernatant was discarded and the
cell pellet was resuspended in PBS 0.1% human AB
serum and incubated at 4 �C for 10 min after the addition
of depletion Dynabeads. The cell suspension was placed
in a magnetic particle concentrator (Dynal MPC; Dynal
Biotech) for 2 min, the supernatant was removed and the
depletion bead step was repeated. NK cell purity was
determined by flow cytometry. Enriched NK cells were
expanded as bulk NK populations in Cellgro SCGM
serum-free medium (CellGenix, Gaithersburg, MD,
USA) containing 10% pooled heat-inactivated human
AB serum, 500 IU/mL of IL-2 and irradiated (100 Gy)
allogeneic EBV-LCLs as feeder cells (1000:1 EBV-
LCL:NK cell ratio). Two weeks after expansion, bulk
NK cells were stained with anti-CD56 Cy-chrome and
were then sorted using a MoFlo flow cytometer (DAKO-
Cytomation, Fort Collins, CO, USA) to isolate CD56þ

populations that were re-expanded for 2 weeks using the
same condition as described above and used for cyto-
toxicity assays.

Cytotoxicity assays

Cytotoxicity assays were performed using 51Cr release as
described previously (33). Briefly, target cells were
labeled for 2 h with 51Cr (100 mCi (3.7 MBq) per 106

cells), washed and then re-suspended at a concentration
of 1� 105/mL; 100mL of each target (in replicates of
two) were co-cultured with various numbers of effector
cells (100mL) in 96-well round-bottomed plates (total
volume 200mL). After incubating at 37 �C for 4 h, 100mL
of supernatant were harvested for gamma counting. The
percentage of specific lysis was calculated using the
equation 100� (cpm released from test sample—cpm
spontaneous release)/(cpm maximum release—cpm
spontaneous release). All values used represented the
average of both replicates.

MRI measurements

MRI measurements were performed on cells incubated
with different MnCl2 concentrations consisting of
0, 0.05, 0.1, 0.2, 1.0, 2.0 and 5.0 mM both for PBL
(n¼ 3) and LCL (n¼ 1). Cells (�24� 106) were put
into 0.2 mL PCR tubes and imaged after settling into a
pellet by gravity. The MRI acquisitions were performed
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in an 11.7 T, 31 cm bore magnet (Magnex Scientific,
Yarnton, UK) interfaced to a Bruker Avance console
(Bruker Medical, Ettlingen, Germany) 2 h after cell
preparation. One PBL sample consisting of eight tubes
was also measured 6, 12, 18 and 24 h after labeling. A
27 mm diameter birdcage coil (Bruker Medical) was used
for measurement of cell samples. The different PCR
tubes were mounted on a plastic holder having 2� 4
holes and set in the center of the birdcage coil. The
sample temperature was maintained at room temperature
(�23 �C). The measurements were performed in the
following order: T1-weighted imaging using conventional
spin echo (SE) sequence, multi-echo SE imaging for T2

calculations and inversion–recovery SE imaging for T1

calculations.

T1-weighted imaging. Three sets of two-dimensional
(2D), multi-slice, T1-weighted images were obtained using a
conventional SE sequence with the following para-
meters: pulse repetition time (TR)¼ 300 ms; echo time
(TE )¼ 7.54 ms; matrix size¼ 256� 256 for coronal slice,
128� 256 for horizontal and sagittal slices; field of view
(FOV)¼ 19.2� 19.2 mm for coronal slice, 19.2� 9.6 mm
for horizontal and sagittal slices; slice thickness
(ST)¼ 1 mm; and number of acquisitions (NA)¼ 24. Slice
orientation was coronal (four slices with 9 mm slice offset),
horizontal (two slices with 2 mm slice offset) and sagittal
(two slices with 9 mm slice offset). For these images, the
nominal voxel resolution was 75� 75� 1000mm. The
total acquisition time for three slices was 61.4 min.

Multi-echo imaging. 2D multi-slice multi-echo imaging
was performed to generate T2 maps with the following
parameters: TR¼ 12 000 ms, TE¼ 10, 20, 30, 40, 50, 60, 70
and 80 ms, number of echoes¼ 8, matrix size¼ 128� 128,
slice orientation¼ coronal (same slice orientation as T1-
weighted imaging), FOV¼ 19.2� 19.2 mm, ST¼ 1 mm
and NA¼ 2. For these images, the nominal voxel resolution
was 150� 150� 1000mm. The total acquisition time for
multi-echo imaging was 51.2 min.

Inversion–recovery. 2D multi-slice inversion–recovery
MRI was carried out using a spin-echo acquisition for
T1 map calculation with the following parameters: TR¼
16 000 ms, TE¼ 5.7 ms, inversion time¼ 10, 300, 600,
1000, 1500, 2000, 3000, 4000 ms, matrix size¼ 128�
128, slice orientation¼ coronal (same slice orientation
as T1-weighted imaging), FOV¼ 19.2� 19.2 mm, ST¼
1 mm and NA¼ 1. For these images, the nominal
voxel resolution was 150� 150� 1000mm. The total ac-
quisition time for inversion–recovery MRI was 4.6 h.

Data analysis and statistical analysis

Quantitative T1 maps were calculated by a non-linear
least-squares fitting using inversion–recovery MRI. In

addition, quantitative T2 maps were calculated by a
non-linear least-squares fitting using multi-echo imaging.
Regions of interest (ROI) were defined as precipitated
cell regions and clear supernatant liquid. All calculations
and analyses were performed using Matlab (Version 6.5)
(MathWorks, Natick, MA, USA), MRVision image ana-
lysis software (Version 1.5.8) (MRVision, Winchester,
MA, USA) on Linux PC (Red Hat Linux, Raleigh, CA,
USA) and Macintosh (Mac OS X, Version 10.2) (Apple
Computer, Cupertino, CA, USA). All data are presented
as means� SD. All statistical analyses were performed
using StatView (Version 5.0) (SAS Institute, Cary, NC,
USA). A probability value of < 0.05 was considered
significant for each analysis.

RESULTS

T1 and T2 relaxation time shortening
due to cell labeling with MnCl2

Figure 1(A) shows typical T1-weighted images of
pelleted manganese-labeled human lymphocytes. Signal
enhancement after labeling with concentrations that var-
ied from 0.05 to 1.0 mM MnCl2 in the media was
observed in human lymphocytes in comparison with the
controls. A signal loss for incubation concentrations of
over 2.0 mM was observed owing to shortening of the T2

relaxation time. Typical calculated maps of T1 [Fig. 1(B)]
and T2 [Fig. 1(C)] of the manganese-labeled human
lymphocytes and the values of T1 [Fig. 1(D)] and T2

[Fig. 1(E)] are shown. The T1 and T2 relaxation times
changed depending on the manganese concentration.
There was a peak of signal intensity in T1-weighted
imaging for the parameters used for incubation concen-
trations of 0.5–1.0 mM MnCl2.
T1 relaxation times of the medium were not significantly

affected in controls or cells labeled with up to 2.0 mM
MnCl2. T1 for the medium was shortened at the 2.0 and
5.0 mM concentrations, indicating that there was significant
manganese release from cells or significant cell death as a
consequence of high MnCl2 concentrations. Indeed, Mn2þ

release from pre-loaded cells may be an MRI approach to
monitoring apoptosis.

The retention time of the contrast elicited by MnCl2 in
labeled cells was measured for the time period from 0 to
24 h after MnCl2 labeling. Typical T1-weighted images
of pelleted human lymphocytes at 2 h after labeling
[Fig. 2(A)] and 24 h after labeling [Fig. 2(B)] are shown.
Signal enhancement on T1-weighted images was still ob-
served 24 h after MnCl2 labeling at all manganese
concentrations except for the control and the 5.0 mM con-
centration. Figure 2(C) and (D) show graphs of the change
in T1 and T2, respectively, from 0 to 24 h after the MnCl2
labeling. Both T1 and T2 increased slightly over 24 h except
for control cells and cells labeled with 2.0 mM MnCl2.
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Propidium iodide and Annexin V staining
to test for cell viability

Figure 3(A) shows the results of the flow cytometry after
staining human EBV-LCL with propidium iodide (PI), a
vital dye that stains necrotic and or apoptotic cells.
Significant numbers of PI-positive cells were observed
only after labeling with doses of � 2.0 mM MnCl2.
Figure 3(B) shows flow cytometry staining with Annexin
V used to detect detects cells undergoing apoptotic death.
Significant numbers of Annexin V-positive cells were
observed only after labeling with doses of > 2.0 mM
MnCl2. By comparing the PI and Annexin V results,
the number of total dead cells and cells destined for
apoptotic death were determined. Figure 3(C) shows the
percentage of total dead cells that were positive for both
PI and Annexin V. Compared with controls, cell viability
decreased only at the 2.0 and 5.0 mM MnCl2 concentra-
tions (Bonferroni/Dunn, *P< 0.05). Figure 3(D) shows
the percentage of cells undergoing apoptosis (PI negative

and Annexin V positive). Compared with controls, an
increase in apoptotic cells was only observed at the
5.0 mM MnCl2 concentration (Bonferroni/Dunn,
*P< 0.05). No cellular apoptosis or necrosis was
observed with labeling for 1 h up to a 1.0 mM MnCl2
concentration. Necrotic cells were also measured by cell
counting after Trypan Blue staining (Table 1). Compared
with controls, the percentage of necrotic human lympho-
cytes increased significantly at the 2.0 and 5.0 mM MnCl2
concentrations 24 h after labeling (Dunnett, *P< 0.05).

Chromium-51 release assay study

Figure 4 shows the chromium-51 (51Cr) release assay for
NK cells targeting the NK cell-sensitive leukemia cell
line K562, (A) 2 h and (B) 24 h after labeling NK cells
with MnCl2. Also shown are the cytotoxic potential of
an mHa specific T lymphocyte (CTL) clone against
EBV-LCL that express the target mHa 2 h [Fig. 4(C)]

Figure 1. T1 and T2 relaxation times relative to manganese concentration in pelleted human lymphocytes. (A) Typical T1-
weighted images of pelleted manganese-labeled human lymphocytes. The images were acquired in the horizontal plane using a
conventional spin-echo sequence. There were �24� 106 cells per tube (n¼ 3). Signal enhancement from 0.05 to 1.0 mM

was observed in human lymphocytes compared with controls (0 mM). A signal loss with concentrations >2.0 mM was observed
due to shortening of the T2 relaxation time. Typical calculated maps of T1 (B) and T2 (C) relaxation times of the pelleted
manganese-labeled human lymphocytes and the values of T1 (D) and T2 (E) are shown. Raw data were acquired in the vertical
plane using the inversion–recovery spin-echo sequence for T1 maps and multi-echo spin-echo sequence for T2 maps. T1 and T2

relaxation times showed exponential and linear attenuation depending on the manganese concentration, respectively. Note
that T1 relaxation times of the medium (arrows) were shortened at the 2.0 and 5.0 mM concentrations owing to release and/or
disruption of lymphocytes
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and 24 h [Fig. 4(D)] after MnCl2 labeling of the CTL. NK
cell function [Fig. 4(A) and (B)] and CTL function
[Fig. 4(C) and (D)] after labeling effector cells with
MnCl2 (0–0.5 mM) for 1 h are shown. There was no
significant difference between control and MnCl2-labeled
cells up to 0.5 mM (Bonferroni/Dunn, *P< 0.05).

Manganese cell labeling for different
cell types.

Figure 5 shows typical T1-weighted images of immorta-
lized human EBV-LCL 2 h after MnCl2 labeling; com-
pared with controls, signal enhancement from 0.05 to
0.5 mM was observed. A signal loss occurred with MnCl2
concentrations > 2.0 mM due to shortening of the T2

relaxation time. The signal intensity of the medium was
enhanced at the 2.0 and 5.0 mM concentrations, possibly
owing to spontaneous manganese release or the higher
manganese concentration causing disruption of the
human B cells. The results observed with the immorta-
lized B cell line were consistent with similar experiments
conducted on freshly isolated human lymphocytes
(Fig. 1).

DISCUSSION

There have been just a few preliminary reports of the use
of MnCl2 to label cells in vitro for MRI (34,35). This is
the first report to describe the use of MnCl2 to label
lymphocytes to a level sufficient for their detection by
MRI. There were no toxic effects 24 h after labeling cells
for 1 h with up to 0.5 mM MnCl2. There were three major
findings in this study: (1) significant signal enhancement
was observed in normal human peripheral blood lympho-
cytes and EBV-LCL B lymphocytes at both 2 and 24 h
after incubation with 0.05–1.0 mM MnCl2 on T1-
weighted MRI. In addition, both T1 and T2 relaxation
times decreased significantly depending on the concen-
tration of MnCl2 used for labeling, although T1 decreased
more rapidly at lower doses. These results indicate that
MnCl2 allowed MRI cell visualization by functioning as a
T1 contrast agent. (2) No apoptosis or necrosis of human
lymphocytes was observed using up to 1.0 mM MnCl2.
(3) The killer activity of both NK cells and cytotoxic T
cells was not significantly affected up to 0.5 mM MnCl2.

Labeling isolated cells in vitro with dextran-coated iron
oxide particles has been successfully used to track by
MRI a wide variety of cells introduced into animals

Figure 2. Changes in T1 and T2 relaxation times in human lymphocytes 0–24 h after manganese cell
labeling. Typical vertical sliced of T1-weighted images of pelleted human lymphocytes 2 h (A) and 24 h
(B) after MnCl2 suspension. Signal enhancement on T1-weighted images continued 24 h after MnCl2
labeling at all manganese concentrations except for the control and 5.0 mM concentration. Graphs
show the change in T1 (C) and T2 (D) relaxation time from 0 to 24 h after MnCl2 labeling (n¼1). Filled
diamond, open circle, open triangle, open square, filled circle, filled triangle and filled square
indicate control (0 mM), 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 mM concentrations, respectively. Both T1

and T2 relaxation times increased slightly over 24 h with the exception of the control and 2.0 mM

concentration
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(1,2,7). The use of MRI to study cell migration in animal
models is growing rapidly and is expected to impact a
variety of fields such as in vivo evaluation of transplanta-
tion, regeneration and cell therapy. Iron oxide particles
have very high sensitivity on T2*-weighted MRI. Indeed,
both in vitro and in vivo it has been demonstrated that a
single iron oxide-loaded cell can be detected by MRI
(11). A drawback of cell labeling using iron oxide
particles is that T2* effects lead to decrease in signal
intensity, creating a need for homogeneous images.
Another drawback is that specialized techniques are
required to achieve sufficient labeling with iron oxide
such as catalyzing endocytosis with lipofection agents,
peptides or cell receptor antibodies (1,2,7).

MnCl2 may offer several advantages that could over-
come these problems. Because MnCl2 shortens T1 relaxa-
tion times, it produces positive signal enhancement on
T1-weighted MRI. In addition, the labeling technique
with MnCl2 is very simple, only requiring incubation
for a relatively short period of time. The simple strategy
of incubating cells with MnCl2 used on lymphocytes in
these experiments should be widely applicable to other

Figure 3. Cell viability after suspension in MnCl2 evaluated using propidium iodide (PI) and Annexin V. (A) Flow
cytometry results after staining EBV lymphoblastoid cell lines with PI. PI is a vital dye that stains necrotic cells. PI-
positive cells were observed when the manganese concentration was increased to >2.0 mM (at 1 h). (B) Flow
cytometry results after staining with Annexin V. Annexin V positivity is consistent with cells being either apoptotic
or necrotic. Annexin V positivity occurred when the manganese concentration was increased to >2.0 mM (at 1 h).
(C) Percentage of dead cells (both PI positive and Annexin V positive). Dead cells increased significantly at the
2.0 and 5.0 mM MnCl2 concentrations compared with controls (*P<0.05). (D) Percentage of apoptotic cells
(PI negative and Annexin V positive). Apoptotic cells increased significantly at the 5.0 mM MnCl2 concentration
compared with controls (*P< 0.05). No apoptosis or necrosis in lymphocytes occurred up to a concentration of
1.0 mM MnCl2 (1 h suspension)

Table 1. Cell viability of human lymphocytes after
suspension of MnCl2 evaluated by cell counting using
Trypan Blue staininga

MnCl2 concentration ratio of necrotic cells to the controlb

(mM) 0 h after suspension 24 h after suspension

0 (control) 1.00� 0.17 1.00� 0.13
0.05 0.88� 0.13 0.97� 0.18
0.1 1.07� 0.21 0.91� 0.06
0.2 0.89� 0.10 1.07� 0.11
0.5 0.92� 0.12 0.91� 0.14
1.0 0.84� 0.13 0.96� 0.16
2.0 0.81� 0.10 0.72� 0.18c

5.0 0.64� 0.09c 0.23� 0.08c

aResults of the cell counting after staining human lymphocytes with
Trypan Blue. Trypan Blue is a vital dye that stains necrotic cells. A
significant increase in the % of Trypan Blue-positive cells was
observed immediately following a 1 h incubation in 5.0 mM MnCl2
and 24 h following a 1 h incubation in 2.0 mM MnCl2 (Dunnett,
*P< 0.05). No lymphocyte necrosis was observed up to a concentra-
tion of 1.0 mM MnCl2 after a 1 h suspension.
bMean� SE.
cStatistically significant in comparison with each of controls. Dunnett,
P< 0.05.
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cell types, as it has already been established that the
manganese ion can be efficiently taken up into a number
of different cells through a variety of mechanisms. In
combination with iron oxide, it should be possible to
double label cells.

A potential drawback with Mn2þ for cell labeling is the
need to avoid cellular toxicities that may be associated
with this element. Like other heavy metals, manganese is
essential for cell viability at normal levels but can be
toxic at higher concentrations. It is known that high levels
of chronic manganese exposure causes symptoms of
‘manganism’ associated with extrapyramidal motor sys-
tem dysfunction presenting with a clinical picture
similar to Parkinson’s disease (36). In general, manga-
nese toxicity requires prolonged exposure times. In con-
trast, there are no reports of toxicity when exposure to
manganese is limited to 1 h or less. No toxic affects for
viability of PC12 cells 24 and 48 h after incubation
with 0.2 mM MnCl2 (37) and 24 h with 0.5 mM MnCl2
(38) have been reported. Our observation that in vitro

Figure 4. Chromium-51 cytotoxicity release assay 2 and 24 h following manganese labeling. NK cell function
assessed by 51Cr release assay for NK cells against K562 cells 2 h (A) and 24 h (B) after manganese labeling at
various concentrations. Killer T cell function assessed by 51Cr release assay for an mHa-reactive CTL clone against B
LCL 2 h (C) and 24 h (D) after manganese labeling at various concentrations. There was no significant difference
between controls and manganese labeled cells up to the 0.5 mM manganese concentration (*P< 0.05). This
suggests that the killer activity of both NK cells and cytotoxic T cells was not significantly affected up to 0.5 mM

MnCl2. E / T: effector/target

Figure 5. T1-weighted MRI of pellet immortalized human
B cells 2 h after MnCl2 labeling (for 1 h). Typical T1-weighted
images of immortalized B lymphoblastoid cell lines 2 h after
suspension in various concentrations of MnCl2 for 1 h. The
images were acquired in a vertical plane using conventional
spin-echo sequences. Signal enhancement was observed
with MnCl2 manganese concentrations ranging from
0.05 to 0.5 mM. A signal loss occurred with concen-
trations > 2.0 mM due to shortening of the T2 relaxation
time. The signal intensity of the medium was enhanced at
concentrations from 2.0 to 5.0 mM owing to spontaneous
release and/or to disruption of B cells
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concentrations of Mn2þ � 2 mM were toxic whereas
lower doses were safe is consistent with a previous report
showing that ATP-dependent Ca2þ transport is inhibited
by 1.8 mM Mn2þ but supported by 0.3 mM Mn2þ in the
rat brain synaptosome (39). A critical balance is needed
to optimize the MnCl2 concentration for MRI labeling
that will be both effective and non-toxic to the cells. Here
we have demonstrated that this balance can be achieved
in human lymphocytes. Cell labeling for 1 h with 0.5–
1.0 mM MnCl2 gave the largest signal enhancement on
T1-weighted MRI at 11.7 T without causing significant
cytotoxic effects. Importantly, the baseline cytotoxic
function of both NK cells and CTL were maintained for
at least 1 day after labeling for 1 h at the 0.5 mM MnCl2
concentration. These results indicate that (1) cells labeled
with MnCl2 maintain their immunological function and
(2) the optimal and safe concentration of MnCl2 for cell
labeling in human lymphocytes is �0.5 mM.

Another question regarding MnCl2 labeling of cells is
how long they will retain the increased Mn2þ. The wash-
out of Mn2þ from labeled cells was slow during the first
24 h. Preliminary research indicated that contrast is high
48 h after labeling (data not shown). In these experiments,
labeled cells were washed with medium twice then
suspended in medium without MnCl2 for 2 or 24 h. It is
generally considered that MRI-detectable Mn2þ arises
from intracellular sources, and our results are consistent
with this concept (40). It has been demonstrated that there
are multiple routes for Mn2þ entry into cells, including
calcium channels (41) and via endocytosis (42) and
specific heavy metal transporters (43). The slow excretion
of manganese is consistent with there being an absence of
known Mn2þ exporters. Systemic administration of man-
ganese in rats led to signal enhancement in the brain
detectable by MRI for up to 14 days (44).

Another shortcoming is the sensitivity of MRI to
MnCl2-labeled cells. From one to a few cells can be
detected when labeled with iron oxide (15,18). Based on
the large T1 changes measured in the cell pellets, we
estimate that 5–10% of the cells (�50–100 cells in a
100mm3 voxel) should be detectable. Although this is a
much larger cell number than detectable with iron oxide,
it may still prove useful in a variety of experimental
protocols.

In conclusion, we have shown that significant changes
in T1-weighted MRI signal intensity can be achieved in
human lymphocytes with a short incubation of MnCl2 at
concentrations that do not have deleterious effects on
cellular viability or function. The contrast change de-
tected lasted for at least 24 h and raises the possibility that
MnCl2 labeling of lymphocytes could be used to track
these cells into tumors and other tissues using high spatial
resolution MRI. MnCl2 may offer advantages over the
more widely used approach of labeling cells with iron
oxide, including ease of labeling and improved signal
enhancement on MRI.
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